The lichen Buellia frigida was exposed to space and simulated Mars analog conditions in the Biology and Mars Experiment (BIOMEX) project operated outside the International Space Station (ISS) for 1.5 years. To determine the effects of the Low Earth Orbit (LEO) conditions on the lichen symbionts, a LIVE/DEAD staining analysis test was performed. After return from the ISS, the lichen symbionts demonstrated mortality rates of up to 100% for the algal symbiont and up to 97.8% for the fungal symbiont. In contrast, the lichen symbiont controls exhibited mortality rates of 10.3% up to 31.9% for the algal symbiont and 14.5% for the fungal symbiont. The results performed in the BIOMEX Mars simulation experiment on the ISS indicate that the potential for survival and the resistance of the lichen B. frigida to LEO conditions are very low. It is unlikely that Mars could be inhabited by this lichen, even for a limited amount of time, or even not habitable planet for the tested lichen symbionts.
Introduction
L ichens are symbiotic associations formed by a heterotrophic fungal symbiont (hereafter referred to as a mycobiont [MB] ) and a photoautotrophic symbiont (a photobiont [PB] that is a eukaryotic green alga and/or a cyanobacterium). They are characterized by a unique and evolutionary successful mode of life. Lichen organisms colonize all biomes on Earth and are dominant in severe ecological niches, especially in polar regions (Kappen et al., 1996; Kappen and Schroeter, 1997; Kappen, 2000; Sadowsky and Ott, 2012) . They have a broad range of morphological, anatomical, and physiological adaptations, and secondary metabolites (Henssen and Jahns, 1974; de Vera et al., 2003 de Vera et al., , 2004a de Vera et al., , 2004b de Vera et al., , 2008 de Vera et al., , 2014 de la Torre Noetzel et al., 2007; Sancho et al., 2007; Stöffler et al., 2007; Horneck et al., 2008; de la Torre et al., 2010; Raggio et al., 2011; Sánchez et al., 2012 Sánchez et al., , 2014 Backhaus et al., 2014; Meeßen et al., 2014b) . Lichens are poikilohydric organisms, a peculiar feature and key factor for their dominance in extreme habitats. They can achieve an inactive state of latent life while being desiccated (Crowe et al., 1992) , which is called anhydrobiosis or anabiosis, and are able to survive long-term desiccation in their natural habitat. Lichens that appear to be metabolically inactive can survive long-term storage in a desiccated frozen (-20°C) state for 13 years (Honegger, 2003) . The ability to produce secondary metabolites (Huneck and Yoshimura, 1996) is hypothesized as a fundamental means of protection against excess photosynthetically active radiation as well as ultraviolet irradiation (UVR) (Solhaug and Gauslaa, 1996; Nybakken et al., 2004; Kranner et al., 2005) . Lichens also display a high tolerance to infrequent water supply, long periods of desiccation, extremes of heat and cold (Kappen, 1993) , as well as to high levels of photosynthetic active radiation (PAR) and UVR (Lange, 1992; Nybakken et al., 2004) .
The high adaptive potential and conspicuous tolerance of lichens to extreme environmental conditions have garnered the interest of astrobiologists with regard to their symbioses and they have consequently become a model organism in astrobiology (Sancho et al., 2008; Meeßen et al., 2013 Meeßen et al., , 2014a Meeßen et al., , 2017 . Interest has increased in the study of these organisms' potential to resist extraterrestrial environmental conditions, and in simulation experiments that address space vacuum, Mars atmosphere, UVR (de Vera et al., 2003 (de Vera et al., , 2004a de la Torre Noetzel et al., 2007; de la Torre et al., 2010; Sánchez et al., 2012) , and meteorite impacts (Stöffler et al., 2007; Horneck et al., 2008) . Experiments carried out with lichens during space missions include LICHENS II, LITHOPANSPERMIA, and STONE on Biopan-5/6 and lichen and fungi experiment (LIFE) on EXPOSE-E (de la Torre Noetzel et al., 2007 Noetzel et al., , 2010 Sancho et al., 2007; Raggio et al., 2011; Onofri et al., 2012; Scalzi et al., 2012; Brandt et al., 2015) . Martian conditions are of special interest because of the climatic history of Mars. A water-rich epoch that dates from 3.95 to 3.7 billion years ago is characterized by an availability of water and energy that could have made the planet habitable (Fairén et al. 2010; Palumbo and Head, 2018) . This water-rich epoch was followed by a semiarid period (3.7-2.9 billion years ago) in which habitability was restricted to a small number of niches Schirmack et al., 2014) . Today Mars is generally an arid planet, despite locations where liquid water may exist (i.e., at atmospheric pressures and temperatures from 6.6 to 10 mb and from 0°C to 7°C, respectively) (Kuznetz and Gan, 2002) . It rapidly evaporates because of the dry atmosphere.
For the numerable exposure and simulation experiments, a variety of microorganisms from extreme arid, alpine, and polar regions, including bacteria, biofilms, cryptoendolithic fungi, and lichen symbioses, have been studied (de Vera et al., 2004a (de Vera et al., , 2004b Onofri et al., 2004; Sadowsky and Ott, 2012; Baqué et al., 2013) . During the 1.5-year EXPOSE-R2 mission on the International Space Station (ISS), a variety of biological samples and organisms (bacteria [e.g., Deinococcus radiodurans], archaea, lichens, plant seeds, microfungi [e.g., Kombucha], and mosses [Grimmia sessitana], as well as the number of 150 samples of organic compounds) were exposed to space and Mars-like conditions (Rabbow et al. 2017) .
LIFE was the first space mission astrobiology experiment in the EXPOSE-E facility located on the European Columbus Module outside the ISS that included the cosmopolitan lichen Xanthoria elegans (Brandt et al., 2015) . LIFE was designed to test the ability of microorganisms to resist the space conditions of Low Earth Orbit (LEO) and assess the habitability of microorganisms in the martian atmosphere . Three different subsets of lichen samples of X. elegans were exposed to space conditions on the ISS. One was exposed to the full spectrum of cosmic radiation, a second was exposed to irradiation that was filtered down to 0.1% insolation, and a third one was kept dark in the interior of the EXPOSE-E facility. In this study, the mean percentage of active PB cells ranged from 60.8% -32.5% (standard deviation [SD] ) for dark exposed samples to 79.1% -12.7% (SD) for exposed 0.1% insolation samples, considered to be Mars analog conditions. For active MB cells, the values ranged from 75.7% -18.4% (SD) for dark exposed samples to 89.2% -6.2% (SD) for exposed 0.1% insolation samples, considered Mars analog conditions. The experimental design focused on the long-term survival of symbiotic eukaryotes as well as the long-term resistance of eukaryotic microorganisms to the conditions of space exposure (Brandt et al. 2015) .
Encouraged by the low postflight mortality of X. elegans after space exposure of 1.5 years in the Biology and Mars Experiment (BIOMEX)-mission, an additional lichen, Buellia frigida, was collected at a field site on continental Antarctica and was exposed for 18 months to space and simulated Marslike conditions at EXPOSE-R2/Zvezda outside the ISS.
In advance of the BIOMEX project, the effects of extraterrestrial stressors on B. frigida had been analyzed in preflight simulation tests. The tests assessed the resistance of the lichen B. frigida to abiotic stressors (e.g., vacuum, Mars atmosphere, UVC radiation, temperature cycling, and temperature extremes) (Meeßen et al. 2015 ) that occur at simulated space and martian surface conditions. The postflight mortality was determined by LIVE/DEAD staining with FUN Ò 1 and confocal laser scanning microscopy. The results of the simulation experiments indicate a lower mortality for the MB compared with the PB (<17% and <31%, respectively). The preflight test results indicate that B. frigida is capable of survival within the simulated space conditions tested.
The results of this study can be correlated to the lithopanspermia hypothesis, which is based on the work of Thomson (1871) . The hypothesis suggests that life could survive an interplanetary transfer, from one planet to another (Nicholson et al., 2000; Benardini et al., 2003; Cockell, 2008; Horneck et al., 2008) . The expected duration of a hypothetical interplanetary transfer may take, for example, about 2.6 million years for a Mars meteorite (Clark, 2001) .
The BIOMEX project is the second long-term space experiment with lichens. As part of the BIOMEX project, samples of the lichen B. frigida were placed within the EXPOSE-R2 facility outside the ISS. The aim of the project was to determine the ability of the exposed eukaryotic microorganisms to resist the space conditions in LEO and Marslike conditions. It has been hypothesized that the lichen B. frigida and its bionts, which colonize habitats characterized by severe environmental conditions, such as those found on continental Antarctica, show a stronger fundamental resistance to the extreme conditions outside of the ISS than the lichen X. elegans, which was used in the former LIFE.
Materials and Methods

The lichen B. frigida
B. frigida is an endemic, crustose lichen that colonizes habitats of the maritime and continental Antarctic (Øvstedal and Lewis Smith, 2001 ). The lichen grows on exposed rock surfaces and is well adapted to high fluxes of PAR, desiccation, and cold temperatures (Sadowsky and Ott, 2012; Backhaus et al., 2014) . The samples used in the study were collected in North Victoria Land (74°38¢S 164°13¢E) during the Antarctic summer season 2009/2010. The lichen thalli were collected dry, air-dried, transported at -20°C, and stored at -20°C until further investigations.
Sample preparation
At the beginning of the BIOMEX project, three types of samples were prepared for the experiments to be performed on the exposure platform EXPOSE-R2 at the ISS. Disks (12 mm diameter) of rock sample surfaces colonized in nature by the lichen B. frigida were carefully drilled from fieldcollected samples so that the underlying rock remained attached to the lichen. The base of the two other types of samples consisted of pellets of two different synthetic Mars regolith simulants (as described in Böttger et al., 2012) that were pressed to 12-mm-diameter disks. The P-MRS sample pellets represent early acidic Mars regolith and consisted of montmorillonite, chamosite, quartz, iron(III)-oxide, kaolinite, siderite, hydromagnesite, gabbro, and dunite (see de   234 BACKHAUS ET AL.
Vera et al., this issue, for relative weight percent composition), whereas the S-MRS sample pellets are similar in composition to late basic Mars regolith and consisted of gabbro, gypsum, dunite, hematite, goethite, and quartz (ibid). Four to five spots were selected on the top of each pressed pellet to serve as attachment points to which four to seven thallus fragments with sizes of about 2-3 mm 2 per fragment were attached. The thallus fragments covered the artificial Mars regolith and were glued in direct contact to each spot using RTV-S 691 silicone rubber (Wacker), a glue approved for aerospace applications by the European Space Research and Technology Centre. During the entire experiment, all three types of lichen samples were in a dry and anhydrobiotic state. All three setups of our samples (hereafter referred to as rock, P-Mars, and S-Mars samples) were sent to the DLR in Cologne, and they were subsequently integrated into a BIOMEX assigned tray of the EXPOSE-R2 facility for later exposure outside of the ISS. After return from the ISS, all samples were stored at -80°C until further investigation.
Exposure conditions
A total of eight pellets (four rock, two P-Mars, and two SMars samples), equipped with thallus fragments of the lichen B. frigida, were transported to Baikonur and launched on July 23, 2014. The sample trays were integrated into the EXPOSE-R2 facility, which was installed outside the ISS at the Zvezda module on August 18, 2014. After 62 days, the cover that protected the samples from UVR was removed (October 22, 2014) . These covers were used to protect the samples against any possible undesired photoreactions with gases outgassing from the sample holder and deployment equipment during the space evacuation process (see further discussion in Rabbow et al., 2017) .
After complete evacuation (except for samples in the martian atmosphere) and an exposure period of 469 days, the samples were returned to the interior of the ISS on February 3, 2016, and arrived back on Earth on June 18, 2016, by way of the Soyuz 45S rocket. The total experiment duration was 1.5 years (696 days).
Lichen samples were exposed on the EXPOSE-R2 facility to two different types of conditions. The four rock samples were exposed in tray 1 to LEO space vacuum conditions. The P-Mars and S-Mars samples were exposed in tray 2 to a Mars-like atmosphere, such that the sample compartment in tray 2 was hermetically closed, evacuated, and then flooded with 980 Pa of a synthetic Mars atmosphere (composition: 95.55% CO 2 , 2.70% N 2 , 1.60% Ar, 0.15% O 2 , *370 ppm H 2 O; Praxair Deutschland GmbH).
To test the effect of space radiation on lichen samples, both sample holder compartments in trays 1 and 2 were configured with two stacked sample holders, referred to as the top and bottom layers. The top layer was on the upper site of the EXPOSE-R2 facility and exposed directly to space. The bottom layer was protected against space radiation by the top layer and served as the dark control (see configuration in the introduction article, de Vera et al., this issue, and Rabbow et al., 2017) .
The EXPOSE-R2 facility included passive sensors that measured environmental data and transferred them to Earth so that they could be replicated in the Mars ground radiation (MGR) experiments. These data were also necessary for evaluation of the results. The exposure conditions of the solar radiation were calculated by RedShift, indicating an average of accumulated irradiation doses experienced by the different samples, as shown in Table 1 . The level of cosmic radiation doses was measured within the EXPOSE-R2 with passive detectors. The fully insolated lichen samples accumulated an average of 5843 MJ/m 2 (P-Mars), 6226 MJ/m 2 (S-Mars), and 6858 MJ/m 2 (rock). The samples experienced ionizing radiation doses between 340 and 844 mGy per day at the inner radiation belt (South Atlantic anomaly protons) to 2960 mGy per day at the outer radiation belt (electrons). Galactic cosmic rays range from 68 to 82 mGy per day depending on the solar activity (Rabbow et al., 2017) .
Samples in both trays had to endure vacuum (which ranged from 1.33 · 10 -3 to 1.33 · 10 -4 Pa) or martian atmosphere and pressure, as well as relatively rapid temperature cycling with many freeze/thaw cycles per day (see de Vera et al., this issue). During the BIOMEX project, a temperature maximum of 46°C and a minimum of -27°C were measured. Temperatures did not drop much lower than -25°C as a result of a heating system that kept the electronics operating (Rabbow et al., 2017; Beuselinck et al., 2018) .
LIVE/DEAD staining
To assess the limits and limitations of life and survival, the lichen samples were treated by LIVE/DEAD staining with FUN 1 and BacLight Ô to measure the mortality of the The fragments were removed from the substrates under sterile conditions. To avoid temperature stress, the fragments were transferred in daily cycles. The first day they were transferred from -80°C to -20°C, and remained at -20°C for 24 h. The second day, they were transferred from -20°C to 4°C and then stored at 4°C for 24 h. Subsequently, the different thallus fragments were sliced with a cryotome (Reichert-Jung) into 6-12 pieces (depending on the size of the fragment) of 120 mm thickness and were immediately stained with the dyes mentioned above, which are described below. FUN1 (Molecular Probes, Eugene, OR, 2001) was used for LIVE/DEAD staining, in which dead cells and cells that are still metabolically active display different colors after staining. Only metabolically active cells are able to actively deposit the dye into their vacuoles. In a first step, the dye marks every cell with a bright, diffuse, green-yellow fluorescence (counted as ''dead''). Subsequently, the fluorescence properties of the dye are changing and switch to an orange-red or yellow-orange color (counted as ''live''). This allows differentiation between metabolically active and inactive cells (Molecular Probes, 2004) . The dye was used according to the manufacturer's protocol: 1.5 mL FUN 1 was diluted in 0.5 mL HEPES buffer. The prepared lichen samples were incubated for 1 h with 40 mL of the diluted dye solution. At the CLSM (Carl Zeiss LSM 710), FUN 1 was excited by a 488 nm argon laser. The green fluorescence was detected by a bandpass filter with a range between 505 and 550 nm, and the red fluorescence between 575 and 615 nm. In addition, the PB's autofluorescence was detected with a bandpass filter between 660 and 750 nm. Six to 10 images per sample setup were taken by CLSM. The cells were counted manually (as described in Brandt et al., 2015) .
BacLight was used as the second dye for LIVE/DEAD staining. This is a two-color fluorescence assay (containing SYTO Ò 9 and propidium iodide) that can be used for LIVE/ DEAD staining for lichens (e.g., Sancho et al., 2007) . SYTO9 labels all PB cells (counted as ''live''), whereas propidium iodide only penetrates cells with damaged membranes (counted as ''dead''). The manufacturer's protocol was followed (Molecular Probes, 2004): 1.5 mL of SYTO9 (and of propidium iodide, respectively) was diluted in 1 mL HEPES buffer. Cuts of the lichen samples were incubated with 20 mL of each diluted dye for 30 min. At the CLSM, the dyes were excited with two lasers with wavelengths between 488 nm (argon) and 543 nm. SYTO9 is detectable with a bandpass filter between 475 and 525 nm, whereas propidium iodide is detectable with a bandpass filter between 575 and 615 nm. In addition, the PB's autofluorescence was detected with a bandpass filter between 660 and 750 nm. Six to 12 images per sample setup were taken by the CLSM. The cells were counted manually (as described in Brandt et al., 2015) .
Results
To determine the symbionts' mortality rates after the experiment, the cells were stained with two different dyes and analyzed by CLSM. The first dye, FUN 1, successfully stained both symbionts, the MB and PB. Note that a lichen fragment was prepared as a laboratory control (hereafter referred to as ''fresh control'') from the frozen Antarctic rock sample for the CLSM analysis. The MB of the fresh control showed mortality rates of 14.5% -11.5% (SD). This is significantly lower compared with all other sample setups from the ISS.
The MB cells of the ISS top layer samples showed mortality rates between 94.1% and 97.8% (rock 95.5% -2.8%
[SD], S-Mars 94.1% -5.0% [SD] , and P-Mars 97.8% -2.6% [SD]) (Fig. 1a) . After staining with FUN 1, the PB of the fresh control showed mortality rates of 31.9% -15.4% (SD). This is significantly lower compared with all ISS samples. The postflight mortality of the PB from the ISS samples ranged between 100.0% -0.0% (SD) for the S-Mars top layer and 96.5% -3.6% (SD) for the bottom layer of the rock samples. The PB cells in the top layer exhibited higher mortality rates compared with those in the bottom layer (Fig. 1b) .
To verify the results of the FUN 1 staining, a second LIVE/ DEAD staining with BacLight was performed. The dye was successfully used for the PB cells only. The PB of the fresh control stained with BacLight showed mortality rates of 10.3% -8.4% (SD), significantly lower compared with the experiments of all other exposed setups (Fig. 2) . The mortality rates detected by BacLight differ clearly from the mortality rates demonstrated by FUN 1 staining (e.g., ground control after FUN 1 staining: 31.9% -15.4% [SD] ). The mortality rates of the ISS samples varied from 76.4% -18.8% (SD) for the top rock samples to 97.4% -3.6% (SD) for the top P-Mars samples. Within the S-and P-Mars samples, those in the sample holders of the top layers exhibited higher mortality rates compared with those in the sample holders of the bottom layers (Student's t test, p = 0.003).
Discussion
A number of simulation and real space experiments have been carried out with a variety of organisms in recent decades (de Vera et al., 2003 (de Vera et al., , 2004a (de Vera et al., , 2004b de la Torre Noetzel et al., 2007; Sancho et al., 2007; Stöffler et al., 2007; Horneck et al., 2008; de la Torre et al., 2010; Raggio et al., 2011; Sánchez et al., 2012 Sánchez et al., , 2014 Backhaus et al., 2014; Meeßen et al., 2014a; Brandt et al., 2015) , with a focus on the potential of viability toward most extreme nonterrestrial conditions such as LEO-cosmic radiation, lack of atmosphere shielding, and intense solar radiation (Berger et al., 2012; Rabbow et al., 2012) . The present study focuses on the viability of the lichen B. frigida and its symbionts after 469 days of space exposure as part of the BIOMEX project. Preflight tests analyzed the lichen's resistance to abiotic stressors such as vacuum, Mars atmosphere, temperature cycling, and monochromatic UVC 254nm fluences for up to 38 days (Meeßen et al., 2015) . While B. frigida demonstrated a high resistance to these simulated stressors, the exposure to real space stressors in combination for 1.5 years strongly impaired the survival potential of this lichen.
Some of the space conditions, such as drought and temperature cycling, might be comparable with the conditions of the natural habitat of B. frigida, for example, concerning the freeze and thaw cycles that occur regularly at the colonization site and were characteristic of the space environment on the ISS. Lichens such as B. frigida have the capability to tolerate these conditions as well as the longtime ''minus temperature'' regime such as that of Antarctica (Kappen, 1985; Sadowsky and Ott, 2012) . Honegger (2003) demonstrated the ability of lichens to survive even shock freezing in liquid nitrogen. Freezing cannot be described as a limiting factor for the survival of the lichen symbionts toward space conditions (Brandt et al., 2015) .
In addition, lichens are very well adapted to long-term desiccation, a stressor that also occurs in space. Experiments verified that lichens may survive desiccation for up to 13 years at -20°C (Honegger, 2003) . B. frigida can be described by a wide variety of adaptation strategies considering the severe environmental conditions at the respective Antarctic habitats (Nybakken et al., 2004; de Vera et al., 2008; Backhaus et al., 2014; Meeßen et al., 2015) . Regarding the stress factor desiccation, lichens are able to activate repair mechanisms, for example, DNA repair processes (Eker et al., 1994; Petersen et al., 1999; Sinha and Häder, 2002; Buffoni Hall et al., 2003) . Based on the particular characteristic of anhydrobiosis, desiccated lichen symbiotic organisms are not sensitive to some of the real   FIG. 2 . Boxplots of the mean mortality values of PB cells prepared from Buellia frigida lichen fragments sampled from control and flight samples stained with BacLight Ô (LIVE/DEAD stain) as determined by CLSM analysis. Lichen fragments were sampled from the ''fresh'' control (fc) and the different types of BIOMEX samples: rock pellets with indigenous lichen (rock), P-MRS (P-Mars) pellets, and S-MRS (S-Mars) pellets. Fragments sampled from exposed and dark control BIOMEX pellets are differentiated by the notation top (t) and bottom (b), respectively.
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space conditions, such as high and low temperature and drought. Anhydrobiosis can be described as a key feature when considering the resistance and life strategy of lichens toward simulated as well as real space and Mars-like conditions. Several simulation experiments were performed with desiccated as well as wet lichen thalli and isolated PB. These experiments demonstrate that, when in the dry state, the organisms are clearly more resistant, for example, toward UVC radiation Backhaus et al., 2014; Meeßen et al., 2014a; Sánchez et al., 2014) . Extraterrestrial conditions, such as vacuum and space radiation, have a damaging effect on cells (de Vera et al., 2003 (de Vera et al., , 2004a de la Torre Noetzel et al., 2007 Sánchez et al., 2012; Brandt et al., 2015) . Cells can be damaged directly by morphological deformation affected by vacuum or indirectly, for example, by formation of reactive oxygen species (ROS) (Kovács and Keresztes, 2002) . The accumulation of ROS can essentially damage cell functions (Kranner et al., 2005; Wieners et al., 2012) and may result in cell death (Horneck, 1981) . In the state of anhydrobiosis, lichens are able to prevent the accumulation of ROS by deactivation of processes of photosystem II (Lange et al., 1989) .
Radiation can act as a very harmful stressor under space conditions. The impact of cosmic radiation on the lichen samples can be difficult to assess due to the relatively low accumulated doses. Many simulation experiments have been carried out with the intent to detect the effects of, for example, UVC radiation and ionic radiation on lichens (de Vera et al., 2003 (de Vera et al., , 2004a (de Vera et al., , 2004b de la Torre Noetzel et al., 2007; Sánchez et al., 2012 Sánchez et al., , 2014 Backhaus et al., 2014; Meeßen et al., 2014a; Brandt et al., 2015) .
On the EXPOSE-R2 facility, the lichens were exposed in two different trays with discriminating insolation conditions. Tray 1 included the rock samples. Tray 2 included the Pand S-Mars pellets. The fully space-exposed top layer showed, on average, higher mortality rates of the lichen samples compared with the samples in the shadowed dark control bottom layers. Even when taking into account the presence of melanin, a secondary metabolite encrusted in the lichen cortex that acts as a screening compound against UVR (Henson et al., 1999; Meredith and Riesz, 2004; Wang et al., 2006) , the radiation doses seem to be a limiting factor on the viability of the B. frigida samples.
Considering the performance of the three substrates used for B. frigida, the rock pellets demonstrated lower mortality rates of the superposed lichen organisms compared with the S-Mars and P-Mars samples. The artificial substrates of the S-Mars and P-Mars pellets might have affected the mortality of the lichen samples. It can be hypothesized that the effect is caused by unknown toxicity of the regolith. UVR may induce a decomposition of molecules that are part of the composition of the pellets (Noblet et al., 2012; Poch et al., 2013 Poch et al., , 2014 or the UVR induces the formation of radicals in the Mars substrates (Shkrob et al., 2010 ). An additional effect could be that the lichen samples had to be removed from their natural substrate to be affixed with glue onto the pressed pellets of Mars regolith simulants. Further studies have already demonstrated the effect of removing the upper cortex, which leads to a decrease of thallus viability . It may be that there is also a negative effect when the lower side that includes the medulla of a lichen has been damaged and the contact to the original natural substrate is interrupted.
With regard to this latter hypothesis, a previous space exposure experiment at the outside of the ISS, called LIFE, was performed in 2008 and 2009. During this experiment, samples of the cosmopolitan lichen X. elegans were exposed to space and Mars analog conditions on the ISS for 18 months. In this experiment, Mars analog conditions were simulated by a martian atmosphere comparable with that used in the BIOMEX experiment, but no martian regolith was used. After return of the LIFE samples, the analysis of the mortality of the lichen was carried out by LIVE/DEAD staining with FUN 1 and CSLM. The results demonstrate lower mortality values (Brandt et al., 2015) compared with the results of this EXPOSE-R2 study. The martian atmosphere itself seems not to affect cell survivability. Because of the high mortality of B. frigida samples placed on artificial Mars regolith in the BIOMEX experiment, it may be that the S-Mars and P-Mars pellets had either a toxic influence on the lichen samples or alteration of the lichens, due to the mechanism used to attach them to the pressed regolith simulant pellets, played a role in their survivability.
As mentioned before, radiation could act as a limiting factor when considering the survival of lichens in space. Especially, UVC radiation is one of the lethal factors in space for living organisms and imposes a dramatic threat to life (Horneck, 1999; Nicholson et al., 2005) . Studies on the PB of B. frigida, which is described to be the more sensitive partner of the symbiosis compared with the MB (Ahmadjian, 1993; , showed that the PB can survive by treatment of UVC doses up to 41.7 J/cm 2 for a limited time of about a few weeks when desiccated (Backhaus et al., 2014) . In the present study, the MB showed, by trend, lower mortality values after LIVE/DEAD staining with FUN 1 when compared with the PB.
In general, the reactivation time of lichens takes about 5-20 min (Lange et al., 1989; Dyer and Crittenden, 2008) depending on species and dry state. For the LIVE/DEAD staining, a reactivation time of 24 h at 4°C was necessary because of the extreme long-term desiccation during the space experiment. The restart of the cell metabolism of B. frigida might need more time to reinitiate photosynthetic activity and to run repair processes. When running a cell cycle, the cells are checked by cell intern ''checkpoints.'' Depending on the intensity of cell damage, cells may die by a necrosis or apoptosis pathway (Reape et al., 2008) or be repaired by cell repair mechanisms (e.g., DNA or protein repair mechanisms) (Eker et al., 1994; Petersen et al., 1999; Buffoni Hall et al., 2003) .
In conclusion, the BIOMEX project demonstrates the fundamental feature of anhydrobiosis in correlation with the survival potential of the lichen B. frigida after 18 months of space exposure. The preflight tests, which were carried out for a rather short experimental time, demonstrated a minor mortality rate of the thallus fragments of B. frigida, while a duration of 1.5 years of exposure to a variety of space conditions increased the mortality substantially. In comparison with the results of the LIFE, which was carried out only with the lichen, X. elegans, that is distributed worldwide (Brandt et al., 2015) , the Antarctic endemic lichen B. frigida and its symbionts displayed a lower resistance but a clear minor survival potential to the severe space conditions. The lichen B. frigida with its symbionts seems to be characterized by life strategies well adapted to severe environmental conditions, especially at continental Antarctic habitats, but the range of adaptation mechanisms obviously is lower compared with the cosmopolitan alpine lichen species X. elegans. It can be stated that much more research and knowledge of details of adaptation mechanisms of the symbiotic organism lichen will be needed to understand the limits of life strategies and the different levels among lichen species, depending on the environmental conditions of the respective habitats. Space experiments such as BIOMEX are crucial to fundamental clarification of these features.
